The fresh-water green unicellular alga Haematococcus pluvialis is known to accumulate astaxanthin under stress conditions. In the present study, transcriptional expression of eight genes involved in astaxanthin biosynthesis exposed to EBR (25 and 50 mg/L) was analyzed using qRT-PCR. The results demonstrated that both 25 and 50 mg/L EBR could increase astaxanthin productivity and the eight carotenogenic genes were up-regulated by EBR with diff erent expression profi les. Moreover, EBR25 induction had a greater infl uence on the transcriptional expression of ipi-1, ipi-2, crtR-B, lyc and crtO (> 5-fold up-regulation) than on psy, pds, bkt; EBR50 treatment had a greater eff ect on the transcriptional expression of ipi-2, pds, lyc, crtR-B, bkt and crtO than on ipi-1 and psy. Furthermore, astaxanthin biosynthesis under EBR was up-regulated mainly by ipi-1 and psy at the post-transcriptional level, pds, lyc, crtR-B, bkt and crtO at the transcriptional level and ipi-2 at both levels.
INTRODUCTION
Astaxanthin (3,3'-dihydroxy-β,β-carotene-4,4'-dione), used as a feed additive in aquaculture and dietary supplements, is commercially available either from chemical synthesis or natural resources such as microalgae, yeast and crustacean byproducts (Li et al., 2011) . Haematococcus pluvialis, a unicellular green microalga, can produce large amounts of red carotenoid astaxanthin when exposed to stress conditions such as high light, nitrogen starvation, etc. It is commonly suggested that the formation of large amounts of astaxanthin in H. pluvialis is a survival strategy under adverse environmental conditions .
Previous research elucidated the pathway of astaxanthin biosynthesis in H. pluvialis with specific inhibitors, and most of the involved genes have been cloned (Grünewald et al., 2000 . Both higher plants and green algae use isopentenylpyrophosphate (IPP) as the carotenoid precursor and share the same pathway of forming β-carotene. The following specific steps for astaxanthin biosynthesis in H. pluvialis are catalyzed by β-carotene hydroxylase and β-carotene oxygenase or β-carotene ketolase (Figure 1 , modifi ed from Grünewald et al., 2000) .
Brassinosteroids (BRs) are plant hormones with significant growth-promoting activity and are involved in multiple developmental processes including the cell cycle and mitosis (Howell et al., 2007) , apoptosis (Carange et al., 2011) , root and hypocotyl length (Howell et al., 2007; Park. 1998) , photosynthesis (Anuradha and Rao 2009), the antioxidant system (Ding et al., 2009; Ozdemir et al., 2004) , seed germination (Anuradha and Rao 2001; Ozdemir et al., 2004; Ding et al., 2009 ) and modulation of gene expression (Ding et al., 2009) . In addition to a role in development, BRs also aff ect plant tolerance against various stresses including low and high temperature (Dhaubhadel et al., 1999) , drought (Pustovoitova et al., 2001; Li et al., 2012) or water stress (Upret and Murt 2004), heavy metals Anuradha and Rao 2009; Choudhary 2011; Sharma et al., 2011 ), hypoxia (Kang et al., 2009 and salt stress (Ozdemir et al., 2004; Saygideger and Deniz 2008; Dalio et al., 2011; Shahid et al., 2011; Samira et al., 2012) . Similar eff ects are induced by its epimer, 2, 4-epibrassinolide (Bajguz and Czerpak, 1996) . BRs have been identifi ed from a green alga Hydrodictyon reticulatum (Chlorophyceae) (Yokota et al., 1987) . It was demonstrated that EBR could shorten by 65.9% the time in which algae cells changed to completely red compared to controls (Gao et al., 2011) . However, its exact impact on biosynthesis of astaxanthin in H. pluvialis at the molecular level is still unknown. Therefore, studying the eff ect of BR on astaxanthin accumulation and their relation with the expression of carotenoid genes is necessary. In this study we examined the carotenogenic expression pattern of eight genes (ipi-1, ipi-2, psy, pds, lyc, crtR-B, bkt and crtO) in combination with astaxanthin accumulation in H. pluvialis under EBR (25 and 50mg/L), using real-time PCR and light microscope spectrophotometry. Our results indicated that EBR could increase astaxanthin productivity signifi cantly in H. pluvialis and stimulate mRNA expressions of the eight carotenogenic genes, with diff erent expression profi les.
MATERIAL AND METHODS

Source of algal strain of H. pluvialis and cultivation conditions
The H. pluvialis 712 strain was obtained from the Institute of Oceanology, Chinese Academy of Sciences, and preserved in our laboratory. All samples of H. pluvialis were grown in MCM medium (Borowitzka et al., 1991) and cultivated according to Gao et al.,(2012a Gao et al.,( , 2012b 
Inducing H. pluvialis with EBR treatment
Algae solutions in the logarithmic phase were divided into three treatments with three replicates for each treatment: the fi nal concentrations of EBR (Real-Times) were 0 mg/L (controls), 25 mg/L EBR (EBR 25) and 50 mg/L EBR (EBR 50). (EBR was dissolved in a small quantity of ethanol and then compounded with dimethylsulfoxide 10 mg/mL, then it was added into the alga culture solution with the fi nal concentrations). An equal amount of dimethylsulfoxide was added to the controls. All the initial volumes of three controls and 6 treatment samples were 2000 mL of alga solution cultured in sterile Erlenmeyer fl asks. 2 mL of algal solution each time for controls and treatments was harvested on day 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, 12, 14, 18, 22 for RNA isolation, and 10 mL of algal solutions each time for controls and treatments was harvested at the beginning of treatment as well as on day 3, 6, 9, 12, 15, 18 and 22 for measurement of astaxanthin content. At the end of the experiment, the fi nal volumes of controls and treatments were about 1900 mL.
Microscopic observation and measurement of astaxanthin content
Optical microscopic observation used a Nikon Eclipse 80i microscope (Nikon, Tokyo, Japan) and astaxanthin content was measured with a spectrophotometer (T6 new century, Beijing General Instrument Ltd, China) according to Boussiba and Vonshak, (1991) and Gao et al., (2012a Gao et al., ( , 2012b . The major absorption peak of dimethylsulfoxide is at ca. 490 nm, and astaxanthin concentration can be calculated according to the formula: C(mg/L) = (4.5×OD 490 ×Va) /Vb. Va and Vb represent the volume of dimethylsulfoxide and microalga sample, respectively. Equal aliquots of culture from each treatment and the control were harvested at different time points and lyophilized. Lyophilized cells were then extracted with dimethylsulfoxide repeatedly until the pellet became colorless. Absorbance of the extracts was read at 490 nm with a spectrophotometer (T6 new century, Beijing General Instrument Ltd, China). The blank contained dimethylsulfoxide only.
RNA isolation and RT-PCR
The total RNA of algal samples was extracted using TRIzol Reagent (Invitrogen, USA) according to the user 's manual and Gao et al., (2012a Gao et al., ( , 2012b . The gene-specific primers for eight genes were designed using Primer 3 software and synthesized (Biosune, China) ( Table 1) . PCR products were quantified continuously with the ABI StepOne Plus RealTime PCR System (Applied Biosystems, USA) using SYBR green fl uorescence (Takara) according to the manufacturer's instructions. qRT-PCR analysis of related genes was according to Gao et al., (2012a Gao et al., ( , 2012b . The actin gene was used as a reference for total RNA. After the PCR program was conducted, the data were analyzed using the comparative Ct (2 -ΔΔCT ) method according to Livak and Schmittgen (2001) .
Statistical analysis
The means ± SD were derived from all data and were statistically analyzed with one-way ANOVA (SPSS 17.0). LSD multiple comparison tests were used to test the diff erences among groups of diff erent trials. p-values of less than 0.05 and 0.01 were considered to be statistically significant and highly signifi cant, respectively.
RESULTS
Microscopic observation and measurement of astaxanthin content
Microscopic observation showed that algal cells became immobile after 6 hours of application of EBR, which showed existence of the stresses produced by EBR. The initial color changed from green to red on day 2 after application of EBR 25 and EBR 50. On day 3 (data not shown), there was an obvious diff erence in astaxanthin accumulation between Grünewald et al., (2000) . Enzyme designation is according to the corresponding gene: CRTL-B, lycopene β-cyclase; CRTO, β-carotene oxygenase; CRTR-B, β-ring hydroxylase; GGPS, geranylgeranyl diphosphate synthase; IPI, isopentenyl diphosphate isomerase; PDS, phytoene desaturase; PSY, phytoene synthase; ZDS, -carotene desaturase. controls and treatments. Figure 2 shows the diff erence among samples under the microscope; A, B, C represent controls and treatments on day 6; D, E, F represent controls and treatments on day 15, G, H, I represent controls and treatments on day 22, respectively. The calculation of percentages of green, red and bleached algae was carried out microscopically with a hematocytometer. On day 6, albinism of alga cells occurred with percentage of 5.4% and 11.6% in EBR25 and EBR50 treatments, respectively. On day 15, these values frose to 25.5% and 56.8% but the rest of the cells became redder. On day 22, more than 55.2% of the cells lost pigment and bleached, 35.3% of the cells changed to red in the EBR 25 treatment, and almost 81.1% of cells bleached and the rest changed completely to red in the EBR 50 treatment (Figure 2) . Results from astaxanthin measurements revealed that the fast increasing astaxanthin accumulation began on the 3 rd day, and the value climbed quickly continuously and attained its peak on day 9 in the EBR 50 treatment and on day 12 in the EBR 25 treatment. Then the value decreased continuously in both treatments. The astaxanthin contents of 8 time points were 0.073, 0.18, 0.97, 1.64, 2.26, 1.86, 1.29 and 0.88 mg/L alga culture solution in the EBR25 at the beginning of treatment and on days 3, 6, 9, 12, 15, 18 and 22, respectively. The values were 0.072, 0.25, 1.39, 1.98, 1.82, 1.50, 1.07 and 0.31 mg/L alga culture solution in the EBR50 treatments at the same eight time points. Moreover, the EBR 25 treatment resulted in a higher astaxanthin production (2.26 mg/L alga culture solution) than that of the EBR 50 treatment (1.98 mg/L alga culture solution) at the peaks. The astaxanthin content of the controls was 0.084 mg/L alga culture (Figure 3 ). This was in line with our previous results, which indicated that some kinds of exogenous phytohormone such as JA and SA could stimulate H. pluvialis to accumulate astaxanthin (Gao et al., 2012a (Gao et al., , 2012b .
Transcriptional patterns of carotenoid genes induced by EBR
qRT-PCR results showed the initial increased transcriptional levels of ipi-1 in the EBR 25 treatment occurred on day 0.5 with 2.6-fold and the maximum ipi-1 level occurred on day 2 with 5.3-fold, respectively. However, the initial increased and greatest ipi-1 expression occurred on day 2 with 2.3-fold levels in the EBR 50 treatment ( Figure 4A ). The initial increased and maximum transcription of ipi-2 occurred on day 2 with 6.9-fold levels in the EBR 25 treatment, then declined sharply until day 22, whereas the ipi-2 level rose to 3.4-fold on day 2 and then declined, and reached its highest level on day 12 with 18.8-fold in the EBR 50 treatment ( Figure 4B ). The initial increased and maximum transcriptional levels of psy in both treatments occurred on day 2, with 4.5-and 3.1-fold compared to the control, respectively, then declined irregularly until day 22 ( Figure 4C ). In the EBR 25 treatment, the fi rst peak of pds level occurred on day 3 (3.1-fold) and the highest peak of pds level occurred on day 12 (3.6-fold), whereas the initial increased and highest transcriptional level of pds occurred on day 8 (4.3-fold) and day 12 (13.2-fold) in the EBR 25 and 50 treatments, respectively ( Figure 4D ).
The initial increased transcriptional levels of crtR-B were 2.6-and 3.9-fold on day 0.5 in the EBR 25 treatment. The maximum crtR-B expression occurred on day 12 with 7.6-fold and day 8 with 6.3-fold in the EBR 25 and 50 treatments, respectively ( Figure 4E ). In the EBR 25 treatment, the initial increased expression of lyc occurred on day 1.5 with 2.1-fold and the highest expression of lyc occurred on day 12 with 6.5-fold, whereas the initial increased and maximum lyc transcriptional occurred on day 0.5 with 2.8-fold and day 12 with 9.3-fold in the EBR 50 treatment ( Figure 4F ).
The patterns of bkt expression were similar to that of lyc. The bkt level reached its initial increased and highest value on day 1.5 and day 12 in the EBR 25 treatment, which were 2.1-and 3.1-fold compared to the controls, respectively, whereas the fi rst peak of bkt level was on day 1.5 (2.4-fold) and the highest bkt level was on day 12 (11.5-fold) in the EBR50 treatment ( Figure 4G ). In the EBR 25 treatment, the initial increased and maximum transcriptional levels of crtO occurred on day 0.5 and 12, which were 2-fold and 12-fold compared to the controls, respectively. In the EBR 50 treatment, the initial increased and maximum transcriptional levels of crtO occurred on day 0.5 (5.8-fold) and 4 (9.5-fold), respectively ( Figure 4H) .
The results showed that the eight carotenogenic genes were up-regulated by EBR with diff erent expression profi les. Moreover, EBR 25 induction had a greater effect on the transcriptional expression of ipi-1, ipi-2, crtR-B, lyc and crtO (> 5-fold up-regulation) than on psy, pds, bkt and EBR 50 treatment had a greater impact on the transcriptional expression of ipi-2, pds, lyc, crtR-B, bkt and crtO than on ipi-1 and psy.
DISCUSSION
BRs play critical roles in a variety of physiological responses in the amelioration of various abiotic and biotic stresses in plants (Bajguz and Hayat 2009; Bajguz 2011 ). Bajguz (2010 reported that they played an important role in plant response to heavy metal stress and have an anti-stress eff ect on C. vulgaris contaminated by heavy metals. Dhaubhadel et al., (1999) demonstrated that after exposure to high-temperature stress, the EBR-treated seedlings of Brassica napus and tomato seedlings accumulated higher levels of four major classes of HSP (Heat Shock Protein), which may have a role in EBRmediated resistance to heat stress. Singh and Shono (2005) found that tomato plants treated with 24-epibrassinolide (EBR) were more tolerant to high temperature than untreated plants. Saygideger and Deniz (2008) demonstrated that EBR can reduce the impact of salinity stress on the growth of Spirulina platensis.
Carotenoids act as accessory light-harvesting pigments, and they perform an essential photoprotective role by quenching triplet state chlorophyll molecules and scavenging toxic oxygen radicals formed within the chloroplast (Young 1991). Astaxanthin plays a protective role under stress in H. pluvialis (Lemoine and Schoefs 2010). Therefore, it was thought that astaxanthin accumulating eff ectively under stress is a defensive reaction to stress and that astaxanthin plays a key role to neutralize stresses (Gao et al., 2012a) . Results from our previous papers demonstrated that the accumulation of astaxanthin was directly related to the augmented photoprotection ability of H. pluvialis and higher level of astaxanthin accumulation under some kinds of stress-related phytohormones such as JA and SA, which might up-regulate mRNA expression of the eight carotenogenic genes eff ectively (Gao et al., 2012a (Gao et al., , 2012b . It is unknown how BRs up-regulate the expression of carotenogenic genes and increase astaxanthin accumulation to enhance the ability to resist stresses of H. pluvialis.
BRs play key roles in plants under stresses (Bajguz and Hayat 2009; Bajguz, 2011) and astaxanthin accumulation is regarded as a defensive reaction to stress, which led us assess the relationship between these two facts. It was conjectured -1, ipi-2, psy, pds, crtR-B, lyc, crtO and bkt, respectively. that exogenous EBR as an elicitor would enhance the capability of stress resistance by stimulating astaxanthin accumulation efficiently in H. pluvialis. In the present study, both EBR treatments were found to enhance astaxanthin production efficiently. However, the two different concentrations produced different astaxanthin acclamation profiles in H. pluvialis, which indicates the dual character of the induction. On one hand, EBR50 was more effi cient to induce H. pluvialis to synthesize astaxanthin than EBR25 in the former part of induction course. On the other hand, EBR50 also resulted in more dead and bleached cells than EBR25 after application of the phytohormone for 12 days. At the same time, results of microscopic observation indicated that there were also serious side-eff ects of exposure to EBR in H. pluvialis. It led most cells to lose pigments and to bleach into shock at the end of cultivation course due to the higher concentration of EBR, which implies that 25 and 50mg/L EBR might be too high and be harmful to cell growth in H. pluvialis. Nevertheless, our results suggest that the algal solution should be harvested at the right time when using EBR as a biotic elicitor to produce astaxanthin on a large scale.
Fast astaxanthin accumulation was detected from the 3rd day in both EBR treatments in H. pluvialis, based on results of Figure 1 and Figure 2 in this paper. According to the correlation between transcriptional peaks of eight carotenogenic genes and the initiation time of fast astaxanthin accumulation, it can be inferred that they up-regulated astaxanthin accumulation at the transcriptional level, posttranscriptional level, or both levels 2010; Gao et al., 2012a; 2012b) . The maximum transcriptional level of ipi-1, ipi-2 and psy appeared on day 2 in EBR 25 treatment, which preceded the time of initial fast accumulation of astaxanthin and indicates that the three genes might up-regulate astaxanthin biosynthesis at the post-transcriptional level in H. pluvialis. The other fi ve genes, pds, lyc, crtR-B, bkt and crtO expressed transcriptional peaks on day 12, which lagged behind the time point of fast accumulation of astaxanthin, thus the fi ve genes might up-regulate astaxanthin biosynthesis in H. pluvialis at the transcriptional level. However, there were diff erent changes in transcriptional expressions of the eight genes in the EBR 50 treatment. The maximum transcriptional peaks of ipi-2, pds, lyc, crtR-B, bkt and crtO appeared on day 12, 12, 12, 8, 12 and 4, respectively, therefore these six genes might up-regulate astaxanthin biosynthesis at the transcriptional level. Both the mRNA expression maximum levels of ipi-1 and psy occurred on day 2, thus the two genes might up-regulate astaxanthin biosynthesis at the post-transcriptional level.
In conclusion, both ipi-1 and psy performed up-regulating astaxanthin biosynthesis at the post-transcriptional level, and pds, lyc, crtR-B, bkt and crtO acted at the transcriptional level in H. pluvialis, while ipi-2 up-regulated biosynthesis at the post-transcriptional level in EBR 25 and at the transcriptional level in the BR50 treatment. It it suggested that ipi-2 might control astaxanthin biosynthesis at both the transcriptional and post-transcriptional levels. These results were diff erent from our previous results with JA and SA, the other stress-related phytohormones. Astaxanthin biosynthesis in the presence of JA appeared to be up-regulated mainly by psy, pds, crtR-B, lyc, bkt and crtO at the transcriptional level and ipi-1 and ipi-2 at both transcriptional and post-transcriptional levels in H. pluvialis (Gao et al., 2012a) . SA induced astaxanthin accumulation by up-regulating ipi-1, ipi-2, psy, crtR-B, bkt and crtO at the transcriptional level and lyc at the post-transcriptional level and pds at both levels H. pluvialis (Gao et al., 2012b) . These results indicate that the three stress-related phytohormones could induce H. pluvialis accumulate astaxanthin effi ciently; however, they might have diff erent regulatory profi les.
